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1. Introduction
•
•
1.1 SCOPE O F ST UDY
•
Th e work descr ibed in this report is in pu rsuancc of Section 2 "Te rms of
Reference" of the sub-consultant agreement for hydrological investigat ion. The
• study objectives were determined after consideration of Chapter 6 of the
"Final Report" by M & ran (Assessment of Consu ltan t Re port "Maidenhead
• Hood Study", 27t h November 1986). In summary the objectives are:
• a) preparat ion of a fl ood frequency relationsh ip for the Thames at
Maidenhead, includ ing assessment of the return period of the 1947 fl ood
• peak and the duratio n of fl ood ing over be nch levels;
• b) investigation of a  time trcnd and non-stationari ties in the data;
• c) preparation of  a  fl ow duration curve for the Th ames at Maidenhead.
• Th e first object ive provides the main design parameters for remedial works and
is described in Section 3. The 1947 fl ood has part icular importance as it is
• likely to be adopted as the design standard to be accommodated by the
proposed scheme. Although the peak fl ood level is the variable of pr ime
• importance in controlling the fl ood losses, aspects of the benefit evaluation
performed by Middlesex Polytechnic's Flood Hazard Research Centre require
• knowledge of the du ra tion of inundation (Section  5).  Objective b relates to
suspicions tha t have been voiced abou t changes in the climate and hydrological
regime and concerns about the applicability of recen t fl ood experience to long
•
term behaviou r (Section 6). Work related to object ive c was in fact carried
ou t fi rst (Section 7) and provided information needed by Hydraulics Research
•
Ltd in sedimentatio n stu dies.
•
1.2 PAST ST UD IES
•
• Th e hydrology of the Maidenhead ar ea was considered in the Maidenhead
•
Flood Study Stage One Final Report using three sources of in formation:
rainfall records, level records and fl ow records. Th e main emphasis was on
•
flood level records which were used to obtain fl ood level fre quency curves for
head and tail water at locks along the Th ames. Chronological plo tting -of
•
head and tail water levels for navigation locks in the Maidenhead area
suggested that the severity and frequency of high fl ood stages in the Thames
•
has diminished in recent times. Level and fl ow records were used to ob tain
a range , of fl ood frequency curves from which it was concluded that the upper
limit of design fl ow shou ld be 500 in 3/s. In contras t to the Stage O ne Final
Report the work described below has given more attention to fl ood discharge
•
records than fl ood level records.
Several reports have been published on past fl ooding of the Thames. Symons
and Chatterton (1895) and Symons (1894) describe the levels reached and the
areas af ected along the Thames by the fl ood of November 1894. Griffi ths
(1969) lists fl ooding events for over 1000 years. Fl oods in the Thames Valley
have been analysed in several reports of the Thames Conservancy notably in •
1914 and 1947, although these concentrated more on fl ood stage than on
corresponding discharge. •
2. Data
2.1 Flo o d discharge and stage do
Stage records for head and tail water are available for all Thames locks with •
many having almost 100 years of record. Level duration listings give durations
in days above various bench levels for cach fl ood that attained or exceeded •
typical low fl ood level. Sources and examples are shown in Section 6.6 of the
Final Report. •
•
•
•
•
•
•
• This catchment area has been recomputed by Thames Water and differs •
from that used in the Stage One Final Report
+ Contains many missing values - 24 complete months available •
# Data from Surface Water A rchive, Institute of Hydrology - used only to
assist with determination of the Maidenhead fl ow duration curve •
•
•
•
than 85 m3./S. Higher fl ows (which include all annual maxima) were based on
•
stage readings takcn twice a day at low tide and converted to discharge using
a downstream rating. Since 1974 daily mean fl ows have been based on the
•
15 minute readings from the Kingston ultrasonic gauge.
•
On installation in 1979 the Royal Windsor gauge was a single path ultrasonic
station; at the time of wri ting it is in the process of being upgraded to
•
multi-path. A correction factor has been applied to the previously published
Windsor fl ows post February 1982 since current meterings and other experience
•
had revealed a drift in the calibration that was giving rise to overestimation of
discharges. Bray Weir discharge computation made use of the upstream level,
•
head loss, and weir openings and characteristics. There was no separate rating
for the high fl ow range based on downstream levels as at other sites.
•
A lthough thc station is now discontinued charts continued to be installed and
have been made available to the study.
The other tabulated stations were used for particular aspects; their data were
•
obtained from the Surface Water Archive at the Institute of Hydrology.
•
2 .2 T AILWAT E R RATIN G FO R BRA Y WE IR
• Because of uncertainties in the high fl ow computation of Bray fl ows, and to
•
make use of the much longer lock keeper's records, it was decided to try to
employ Bray tailwater levels as a gauging station. A rating curve was
•
determined for Bray tailwater based on high fl ow events from the per iod 1979
to 1987 when chart records of stage were available at Bray and fl ow records
•
were available from the ultrasonic gauge at Windsor to give the stage and
discharge at the hydrograph peaks. Events with a peak discharge over 90
•
cumccs gave the relationship:
•
Q = 1.344(H -58.399) 2.° 4 9
•
where Q = discharge (m 3/s)
H = stage above OD Newlyn (feet)
•
(Note the USC of mixed units to accord with basic data that are available).
•
Th is represents within-bank (or extended above on a similar geometry)
discharge and although all discharge is confi ned to a limited number of
•
openings through the railway bridge upstream there would be some out of
bank contribution which would lead to underestimation at the larger events.
•
For example the 1947 fl ood inundation map indicates a fl ood plain width of 2
km in the vicinity of Bray.
• The ef ect of the fl ood plain is discussed in outl ine in Section 5 of the Stage
•
One Final Report. Based upon that information supported by anomalous
results which ensue in the statistical analysis if the within bank rating is
•
continued to high stage it was decided to branch to a high fl ow rating to
represent out-of-bank conditions. This departs from the lower rating at 0 =255
•
m3Is (highest calibration point) and passes through the previously assumed
discharge and level of the 1947 fl ood (510 m3/s, pro-rated from 500 m3/s at
•
Maidenhead as assumed in the Stage One Final Report) . The rating for
discharge above 255 ms/s is:
•
Q = 0.5240(H-58.399) " 6 5
•
where 0 = discharge (m3/s)
H = stage above OD Newlyn (feet) •
The rating curve is shown in Figure 2.1. Str ictly the data derived from this •
rating curve should be associated with the Windsor site, this being the
location of discharge observation. However, in order to distingu ish it from •
the Windsor ultrasonic station the station has been labelled Bray/Windsor in
this report. In order to apply the Bray/Windsor discharge values to •
Maidenhead a factor of 0.98 is applied to al low for the smal l catchment area
dif erence.
3. Flood Frequency Ana lysis
•
3.1 GENERAL
•
The fl ood frequency relationship is required for the Maidenhead study site. •
Three sources of information were init ial ly considered in constructing a single
curve: •
(a) annual maximum series at Bray/Windsor (Section 3.2)
(b) the Teddington/Kingston fl ood frequency curve with a correction factor •
(Section 3.3)
(c) regional estimators of mean annual fl ood and fl ood frequency curve. •
(Section 3.4)
Method (c) was j udged to be considerably more uncer tain than the other two •
so the fi nal curve (Section 3.7) was computed from the results of methods (a)
and (b) only. •
•
3.2 ANNU AL MAXIM U M ANALYSIS OF BRA Y/WIND SOR •
DATA
•
The extended annual maximum series shown in Table 3.1 has been produced •
for Bray/Windsor using the tailwater rating curves derived in Secti on 12.
•
The tabulated annual maximum discharges from 1979 to 1985 were obtained
from the Windsor ult rasonic gauge. For the period before 1979 the •
Bray/Windsor rating equation was applied to annual maximum levels determined
from the following sources:
1. 1972 - 1978 Bray tai lwater stage char ts
2. 1959 - 1971 and 1956 Bray stage charts corrected from OD Liverpool to •
OD Newlyn (ODN = ODE - 0.92 (feet) ]
3. 1892 - 1958 Level duration listing for Bray tai lwater. For those years
••
•
•
•
Table 3.1 Bray/ Windsor annual maxima 1892 - 1985
•
Water year 1892 = October 1892 - September 1893
•
•
when the annual maximum was below the typica l low fl ood level the value
•
was taken from Bray tackle sheets.
•
For the period 1959 to 1979 it was fou nd that the peak levels obtained from
the level duration listing were higher than those from the st age char ts. The
•
average dif erence between the listing an d chart value remained consisten t over
the commo n period at 0.21 feet so this fi gure was use d as a correct ion factor
•
to reduce the gauge read annual maximum levels between 1892 and 1958 to
the ir equivalent chart values . Possible explanations for this difference are a
•
dif erence in datum, a bias in reading the sta ff gauge in tu rbulent condit ions,
or a pressure reduction within the pipe to the float well.
•
•
•
The double mass plot of Bray/Windsor annual maxima against Teddington
annual maxima is shown in Figure 3.1. The double mass plot shows a
reasonably consistent gradient back to the early 1940s but increasing curvature
beyond. The annual maxima series was hence divided into four subsets for
tr ial flood frequency analysis:
1. 1979 - 1985 Windsor ult rasonic gauge
2. 1959 - 1985 Windsor ult rasonic gauge and Bray charts
3. 1940 - 1985 Period over which record seems homogeneous from
double mass plot
4. 1892 - 1985 Extended annual maximum series.
Figure 3.2 shows the frequency plots obtained from the four subsets of the
annual maxima series. Inspection of these plots reveals a tendency towards an
EV3 form of distribution although reducing in intensi ty with increased record
length. Such a form is not conceivable in the light of experience generally
and it is assumed that the ef ect is due to sampling error.
33 FLOOD FREQUENCY BASED UPON TEDDIN GTON/
KINGSTON DATA
Figure 3.3 shows the fi tted fl ood frequency curve to Teddington/Ki ngston daily
maximum discharges. As explained in Section 2.1 these "daily" values represent,
for the most part, the average of rwo point estimates made at low tide. The
data appear well described by an EV 1 fi t. There is a very large dispari ty
between the distr ibution fit ted to the instrumental record at Teddington and
that implied by the Region 6/7 fl ood frequency curve from the Flood Studies
Report (FSR). One source of dif erence is the use made of historical data
(fl ood marks etc collected prior to the start of the conventionally gauged
record) when constructing the FSR region curves. A considerable amount of
historical information is available for the Thames (Griffi ths, 1969) and this was
used where applicable to augment the 103 year Teddington record.
Since 1673 three fl oods have been established as having magnitudes similar to
or greater than the 1894 event: 1774, 1809 and 1821. The 1821 event is
considered to have exceeded the severity of the 1894 fl ood by a considerable
margin; the other two are thought to have been of generally similar magnitude
to the 1894 fl ood.
The method of maximum likelihood can be used to incorporate such histor ical
information. In addition to the 103 fi xed data points from the gauged record
there are three further data points in which 789 m3/s, the magnitude of the
1894 fl ood, was known to have been exceeded (as well as 206 points where it
is known not to have been exceeded) .
The likelihood function then has the form:
1 0 3 3 2 0 6
L = Il (p(x i)) .  (1-F76 9)  . ( F 7 8 9)
is1 1. 1 1=1
••
where p is the probability of xi recorded po int
•
F 7  8 9 is the non-exceedance probability of 789 m ' Is
L is the likelihood of the sample
•
This function is controlled by the parameters u, a and k of the G EV
•
distr ibut ion and values of those parameters are found which maximise L
(hence "maximum likelihood"). Th e first product te rm alone is used to fi nd
•
the corresponding fi t when historical data are excluded.
0
QBAR is mean annual fl ood ; Q(T) is T year flood
0
As indicated by Figure 3.4 and the value of a in Table 3.2 the main effect of
• historical data is to increase the gradient of the fi tted line. However, it also
converts the fi t from one with small positive to one of small negative k
• although both being close to zero they would accord closely with EV1 fi ts as
previously determined by the Figure 3.3 proce dure. Despite the ad dition of
• historical data the frequency curve remains far different from the all-country fi t
of the FSR as shown in Table 3.2, and fu rther still from the all-region fit as
• shown in Figure 3.5.
• Neverthe less, the impact on quantile estimation is qu ite substantial leading to
an 11% increase at the 100 year re turn period. Co nseque ntly the ef ect on
• implied return periods is also quite large. For example the recorded data
imply a retu rn period of 130 years for the 1947 fl ood bu t when set in the
• longer histor ica l context this reduces to 64 years.
• Th ese values require adju stment for the difference in catchment to
•
•
•
Maidenhead. To establish a conversion factor information was assembled on
low return period fl oods. Table 33 shows the comparison between three
methods of estimating the mean annual fl ood at Bray/Windsor and
Teddington.
Table 3.3 Mean annual fl ood (m' /s) at Bray/ Windsor and
Teddington
DM A
1940-1985 1892-1985
3.4 RE GIONAL ES TIM AT ION
CALMA F FSR
Bray/Windsor 236.2 262.9 203.0 214.2
Teddington 331.3 331.0 295.0 289.9
Bray/W indsor 0.713 0.794 0.688 0.739
:Teddington
ratio
The "FSR" and "CALMAF" methods are based on catchment characteristics
(Flood Studies Report, chapters 4 and 5 respectively, NERC, 1975). The
" FSR" results use the six variable equation for the East A nglia region
advocated in Fl ood Studies Supplementary Report 5 for less urbanised
catchments in the Thames basin. The mean annual calendar day fl ood
(CA LMA F) is determined from a four variable equation. Th e "DATA "
results are obtained as the arithmetic average of the annual maxima daily
mean discharge data. There is good general agreement between the estimates,
the regression based no-data equations underestimating the data based
estimates by 10% which is well within the normal range of difference for this
method.
For a case such as this data based-estimators would be preferred so the
regression results are presented as confi rmation only and to assist with
assessing the ratio at the mean fl ood level between Bray/W indsor and
Teddington discharges. The Table 3.3 ratios are also in tolerable agreement
with the value previously adopted for thc ratioing of the fl ow duration curve
(Section 7). I t  was  concluded from the various considerations above that
there is no discernible trend in the ratio with discharge magnitude, that the
data based estimate for the recent period would be more reliable than the
earl ier data, and fi nally that the factor used for the fl ow duration curve would
serve also for fl ood frequency. The Teddington fl ood frequency curve was
therefore adjusted by a factor of 0.73 to estimate the fl ood frequency
relationship at Maidenhead.
The objective of a regional estimation technique is to bring data from
surrounding stations to bear on a site estimation problem. I ts role diminishes
as the quanti ty and qual ity of the local data increases. In general terms the
Thames is a very well monitored river, nevertheless uncertainties exist which
•
j ustifi ed the tr ial use of regional procedures in the early stages of the
Maidenhead study:
•
(a) closest gauging station (Bray) is of poor quality and the next closest
(Windsor) is of short duration
•
(b) most data relates to daily mean discharge while instantaneous peak
values are of most interest
•
(c) considerable overbank fl ow for even moderate sized fl oods.
•
A procedure was adoptcd similar to that recommended in the FSR for sites
with an intermediate amount of data. In view of uncertainties with the
•
Bray/Windsor record the fol lowing steps were used:
I . EV 1 fit to 1959 - 1985 Bray/Windsor data
•
2. Extrapolation to 10 years
3. Further extension using mult ipliers from PSR region 6/7 fl ood frequency
•
curve
4. A s an al ternative to step 3 a "Thames RiveC dimensionless regional
•
flood frequency curve was constructed by pooling annual maxima series for
Bray/Windsor (1940 - 1985), Day's Weir (1938 - 1985) and Teddington
•
(1883 - 1985).
33 FLO OD F REQUE NCY RE LATIONSH IP ALO NG T H E
•
CO URSE OF THE THAME S
•
As a fi nal check on the coherence of the fl ood estimates, at least at low and
•
moderate return periods, Figure 3.6 shows return period fl ow for Day's.
Bray/Wi ndsor and Teddington. As return period increases the fl ow at
•
Bray/Windsor appears to decrease relative to Teddington whi lst that at Day's
Weir increases. This comparison suggests that the EV 1 fi t to Bray/ Windsor
•
data underestimates higher. retu rn period discharges.
•
Table 1 4 Regional f lood f requency carves f or Bray/ Wind sor site
Region 6/7 Cu r i e "Thames River" curve
m3/s m' /s
• Q(2) 219.4 219.4
•
0 (5) 265.2 265.2
0 (10) 295.4 295.4
•
0 (25) 390.2 347.6
0 (50) 477.7 387.8
• 0 (03) 503.4 398.4
0 (100) 581.7 428.0
•
0 (200) 703.1 466.2
3.6 COMB IN ED ESTIMATE OF FLOOD FRE QUENCY
Table 3.5 shows the fi ve separate estimates of fl ood frequency for Maidenhead
as developed in Sections 32 to 3.4. aft er adjustment for the difference in
catchment from Bray/Windsor.
Table 3.5 Flood f requency da ta f rom fi ve estimates ( n s/s)
Flood estimate based on
Teddington data Bray/Windsor data
Figure 3.7 shows the same information in graphical form. The estimates are
not strictly independent, columns 1, 2, 4 and 5 depending to some extent on
the Teddington fl ood record. The regional approach is clearly defi cient at low
return period where the locally derived result is considered to be most
accurate. A central line has been struck through the alternative estimates as
shown in Figure 3.8. The recommended single line makes use of an average
between the Bray/Windsor line (3) and the Teddington line with historical data
(2) to 25 year return period above which the line derived from the
Teddington record including historical information is used. Table 3.6 gives
corresponding ordinates. Figure 3.8 shows the recommended curve in relation
to the envelope from the Stage One Final Report (paragraph 6.27.7) . The
recommended line is contained everywhere within these bounds although
somewhat closer to the upper limit at intermediate return periods. This is
due in par t to the small dif erence between peak and daily mean data but
more to the weight given to low gradient estimators derived from POT
approaches to flow and stage data. However, overal l the agreement is
considered to be very satisfactory.
••
• 4. The 1947 fl ood
The Th ames Co nservancy report of 1947 reviewed the history of fl ood ing in
the Th ames valley with particular reference to the fl ood of March 1947 which
reached a peak fl ow of 714 m3/ s at Teddington on 20 March. The 1947
•
fl ood, unlike the fl oods of 1894, 1915 and 1929, was not preceded by a long
period of heavy rainfall bu t was due to a combination of snowmelt, frost and
•
rain. Th rough out February 1947 a severe frost had created an imperviou s
catchment sur face. On the 10, 12 and 15 March heavy rain of 50.3mm fell
41 on the frozen and snow covered ground which combined with the thawbeginning on 16 March resulted in flooding. The 1947 fl ood hydrographs for
•
Bray/Windsor and Tedd ington are shown in Figure 4.1. The Teddington
hydrograph is based on daily mean fl ows whilst the Bray/Windsor hydrograph
•
uses stage readings from the Bray tackle sheets and the stage/discharge
relationships from Section 2.2. The ret urn period of the pe ak of the 1947
•
fl ood varies fro m 50 to 140 years. The value from the recommended mean
line is 56 years which is in close accord with values obta ined by previous
•
investigations in the Th ames basin.
•
• 5. Duration of inundation
•
• 5.1 GENE RAL
•
•
The duration over which  a  given fl ood level is exceeded can be important in
terms of fl ood damage. Chapter 6 of the Stage O ne Final Report therefore
•
considers the expected durations of various fl ood levels at Maidenhead. The
level duration records from the lock keepers log were used to determine a
•
relationship between fl ood duration above a bench level and the peak level
att ained by the fl ood. The regression equations used to descr ibe the
•
relationship were comb ined with the fl ood frequency relationship to determine
the duration of fl oodwater above any chosen level for fi ve different return
•
periods.
•
•
•
Table 3.6 R ecomm ended fl ood f requency curve and 90 % confi dence
lim its (see App endix A )
The approach used in this report differs from that in the Stage One Final
Report since Windsor fl ows were used to determine durations rather than the
level duration listings. One problem identified was that a duration of one day
above a given level in the level duration listing does not mean that the level
was exceeded for a whole day but only that the level was exceeded at some
time dur ing thc day. Use of the  Windsor  hydrographs would therefore be
expected to indicate a shorter duration above a fl ow than that suggested by
the Bray tailwater level duration listing since the hydrograph records the exact
duration above a given fl ow.
5.2 ANA LYSIS O F FLO OD HY DRO GRAPHS
The Windsor 15 minute hydrographs were used to determine the duration
above fl ow thresholds for events above typical low flood level. Data were
available for 15 such events between December 1979 and Apri l 1987. These
data were supplemented with three larger events from earlier years: March
1947, December 1960 and November 1974. The duration that a given
percentage of fl ow was exceeded was plotted against peak fl ow. This shows
that as percentage of peak fl ow decreases the mean duration increases and the
scatter about the mean increases.
5.3 CALC UL AT IO N OF DU RATION
The relationship between the duration, fl ow and peak fl ow was examined for
the 18 events. The fo llowing equation  was  obtained which relates the mean
duration to the 'distance' between the threshold and the peak:
D = 0.282 (Op-C))° '72 5
where D = duration (days)
Op = peak fl ow (m 3/s)
O = fl ow (m3/s)
Factorial standard error = 1.40 r 2 62.2
This relationship gives the results shown in Table 5.1.
5.4 RECO MME ND AT IONS FOR APPLICAT ION
'N o points should be emphasised. The fi rst is that these durations are mean
values. The fl ood frequency cutve gives the magnitude of the peak flow for a
return period, not the shape of the hydrograph. The non-uniformity of
rainfall and catchment conditions in time and space results in a wide variety
of hydrograph shapes and, therefore, durations, for events having a peak fl ow
of a given return period. The factorial standard error quoted above measures
Tab le 5.1 Duration in days f or which discharge threshold exceeded
Return Peak Threshold discharge
period discharge (m3/s)
(years) (rn3/s) 250 300 350 400 450 500 550 600
2 232
5 314 5.8 1.9
10 369 9.2 6.2 2.4
25 440 12.9 10.3 7.5 4.1
50 491 15.3 12.9 10.3 7.5 4.2
60 506 16.0 13.6 111 8.4 5.3 1.0
100 549 17.9 15.7 133 10.8 8.0 4.8
200 608 20.4 18.3 16.1 13.7 11.2 8.5 5.4 1.3
this variability that can occur about the mean. Its consequence may be
exemplified by the following: as the table indicates a 60 year return period
fl ood can be expected to rcmain above the 500 m3/s threshold for one day -
however, dif ferent conditions which may arise in causing this fl ood can give a
wide variety of durations; the duration which exceeds 95% of all possible is
1.7 days, 70% longer than the mean.
The second point is that these results relate to single peaked hydrographs. I t
is conceivable that the hydrograph, once it has dropped below the threshold
may, wi thin a very short t ime, rise above it again. Such a condition becomes
increasingly unlikely as the return period and the threshold increase.
6. Time trend
6.1 GENERAL
The Stage One Final Report presented prima facie evidence for trend in the
Thames data sets. A ttention there focused on the apparent dearth of maj or
fl ood events in the period from 1961 to 1973, the downturn in the incidence
of threshold exceeding levels at a number of head and tailwater level
recording stations since t he 1947 fl ood, and the possibility of cyclicit ies in the
rainfall pattern. I t has to be said that the very evident visual impression of
reduced fl ood incidence as seen in the water levels is not repeated in the
corresponding time series of maximum daily fl ows (page 6-24 of Stage One
Final Report) . This section concentrates on the Teddington fl ow record and
catchment average rainfall to investigate the evidence for trend commencing
with mean values in section 6.2 and progressing to extremes in section 6.3.
•0
6.2 TREND 1N TH E ANNUAL SERI ES
•
6.2.1 Annual numf •
0
A long time series of random trend-free data exhibits fl uctuations through
normal statistical variations. A j udgement on the reali ty of a superimposed •
trend has to be j udged in the light of this expected irregularity. A l though the
Teddington record is among the longest in Bri tain it is not without faults: the •
gauging arrangements have not always been ideal and the gauged record
requires adjustment in order to return it to a "natural" infl ow. The 1983
Surface Water Yearbook (NERC, 1985) details the gauging history and the
changes which have occurred within the catchment over its fi rst 100 years of •
operation. If the 100 year record is divided into 20 year "slices" the fol lowing
statistics are found:
•
Table 6.1 Statistics of mean runof
•
Period Annual January
y
•
m 3/s m3/s jmu31/s
(I ) (2) (3) (4) •
1883-1902 26.8062.55 112.58 •
1903-1922 80.70 145.13
 
38.86
1923-1942 88.10 166.25 35.73 •
1943-1962 76.00 137.46 29.54
1963-1982 85.16 133.40 42.47 •
Standard 5.2 14.6
 
3.1
e r r o r  0
Trend 2.22 1.50 2.26
signifi cance •
0
Table 6.1 indicates that considerable swings in average values have occurred in 41
the past and that these are not restr icted to particular parts of the year. The
range of values in all three columns indicate larger f luctuations than expected •
from a normal sample with dif ferences exceeding four times the standard error
of estimating the mean. •
More sophisticated autocorrelation and spectral anlyses reveal the fact that •
there is a year-on-year correlation of 0.22 which is presumably due to the
large geological storage within the catchrnent. The consequential slight •
"reddening"  of  the spectrum leads to fewer and longer runs and larger
fluctuations than from an entirely random "white noise" type of series. This
carry-over memory needs to be born in mind when j udging the significance of
fl uctuations.
The most direct test for trend is the correlation of the annual runoff with
time.  The  values of  Student 's t  for the correlations  are  shown on Table 6.1
having removed the ef ect of serial correlation. The January value is •
insignificant, and the July and whole year values border on 5% sign ifi cance.
•
Inspection of the seasonal pat te rn shows an increasing significa nce through the
year rising to a maximum in September the n depleting to a winter minimum.
•
Such a pattern would be consiste nt with some causat ive factor which primarily
infl uences low fl ows.
6 .2 .2 A nn ua l a n d se a so n a l r a inf a ll
•
• Area lly averaged catchment rainfall data are available from 1890 and similar
•
analyses have been applied to annual and monthly rainfall to tals both in a raw
and  in transformed  fo rm.
•
Th e general pattern of high and low 20 year periods in the runof reappears
in the rainfall data although the degree of inter-period annual fluctua tion falls
•
within two standard erro rs of estimating the mean; seasonal fl uctuations are
larger. There is no discernible between-year correlation in the rainfall data and
•
there is no appare nt trend in the annual or seasonal totals, the signifi cance
levels - again expressed in terms of the Student's t sta tistic - falling far below
•
the acceptance range.
•
Rainfall is not necessarily a good indicator of runof so a runof or iented
index  of rainfall was also subjected to trend analysis. To achieve th is the
•
catchment rainfall was fed into the Th ames Water hydrologica l model
(G reenfi eld, 1984; Moore et al, 1986) and the ou tpu t - being Te ddington
•
estimated discharge - was then subjected to the same tests.
•
This demonstrates  very adequately that  the modera te up and down turns in
the rainfall translate into somewhat larger ones viewed in terms of runof . The
•
trend analyses agrees with the raw rainfall trend above with little or no
tendency for higher values in the low fl ow season.
•
Table 6.2 Statistics of annual and seasonal rainf all
• Period Annual January July
• (1)
mm/day
(2)
mm/day
(3)
mm/day 
(4)
• 1891-19 10 1.85 2.59 1.85
1911-1930 2.10 2.32 23 7
• 1931-1950 1.95 1 32 1.96
1951-1970 2.06 2.16 1.97
• Standard 0.08 0 22 02 1
•
e r ro r
Trend 0.79 1.46 -1.42
•
significance
Table 6.3 Statistics of mean runof computed f rom Thames Water
model
6.3 T REND IN T HE EXT RE ME S
6.3. 1 Disch arge extr emes
Similar analyses to those above can be performed on maximu m daily fl ows.
Table 6.4 Statistics of annual and seasonal maxim um discharge
Comparing Tables 6.1 and 6.4 shows agreeme nt in the wet test and driest
decades and a more subdued level of fluctuation in the annual maxima than
in the annual means. However the fl uctuations between 20 year periods in
individual monthly maxima remains high in relation to the sta ndard erro r of
estimating the mean
From the monthly observed runof values it had become apparent that the
trend coefficients approached closer to signif icance during the months of low
fl ow than at other t imes of the year. Table 6.5 has been prepared from
monthly and all-year minima and maxima and indicates clearly the control of
fl ow magnitude on the trend. Values above 2 are significant at the 5% level.
Table 6.5 Monthly trend signif icance (ei p ressed as Student 's t statistic)
6.3.2 Rainfall extremes
Mean rainfall displayed lower period to period fl uctuations than runoff and as
Table 6.6 demonstrates extreme rainfalls exhibit yet smal ler fluctuations wi th al l
Table 6.6 Statistics of annual and seasonal daily rainfall Inaccirna
MaximumMonth Minitnum
January 1.22 1.43
February 2.13 1.92
March 1.99 1.18
April 2.59 2.20
May 3.01 2.71
Junc 3.37 2.53
July 3.11 1.91
August 3.12 3.36
September 1 19 3.88
October 3.87 1.66
November 1.31 1.16
December 1.18 2.32
All year 3.59 1.53
Period A nnual
maximum
mm
January
mm
July
mm
(1) (2) (3) (4)
1891-1910 25.48 1219 13.7
1911-  /  930 27.06 14.39 16.48
1931-1950 23.69 12.72 14.72
1951-1970 28.11 12.48 16.23
Standard
error
1.52 1.24 1.78
Trend
signifi cance
seasonal and annual maximum rainfalls lying wi thin a two standard error
band.
No monthly time trends were visible in the one-day rainfall maxima and more
complex spectral analyses revealed no regular periodic behaviour. The same
picture is revealed by annual and seasonal maxima aft er transformation through
the T hames Water rainfall runoff model; the period to period fl uctuation is
contained within two standard errors.
6.4 CONCLUSION ON TIME TREND
A variety of analyses have been performed on mean and extreme fl ow, and
on catchment rainfall. The oveiall conclusion is that there is no proven trend
although there is an indication that low fl ows are increasing. This may be due
either to catchment changes or to some feature of the naturalisation process;
the lat ter appears more likely as the effect is visible only during low fl ow
months when the importance of the naturalisation process is much enhanced.
Fl uctuations do appear in the mean runof which are partly mirrored in the
rainfall data when time  slices  are  separately analysed. These fl uctuations appear
to be statistically signifi cant but (here is no evidence that they are part of any
irreversible trend, indeed all surplus and defi ci t periods of the past have been
reversed. Spectral analyses showed no signifi cant cyclicit ies at any periodicity.
High fl ows and rainfalls display a much less marked fl uctuation with per iod to
period dif ferences falling within their expected band of variation.
Hence if a downturn in fl ood levels does exist it must be due to
improvements in the efficiency of the channel and control structures, there is
no evidence of non-random behaviour in the flood flow series. This conclusion
can also be read to imply that any apparent downturn in the frequency of
fl oods is within the variation expected and a resumption of a previous pattern
can be expected.
7. Flow dura tion curve
7.1 INTRODUC TION
The fl ow duration curve relates to work on sediment load in the proposed
fl ood relief channel. The curve is nominally fo r a point upstream of Boulters
Lock, Maidenhead but it is convenient to use Bray/Windsor  as  representative
sites for the study point since the residual area between the of -take point
and Bray is very small .
7.2 OUT LIN E d r METHOD
•
• The fl ow durat ion relationship is based upon daily mcan discharges. Regional
information, especially the Teddington/Kingston record played a key role. The
• Teddington fl ow duration curve using naturalised daily mean flows from 1883
to 1985 required two types of adj ustment to derive the fl ow duration
• relationship for Maidenhead:
(a) Scale adj ustment - the Teddington fl ow exceeded for a given
• percentage of time was mult iplied by a factor to account for the lower
discharge at Maidenhead.
(b) Shape adjustment - to account for the difference in the shape of the
fl ow duration curve between Maidenhead and Teddington.
•
•
73 SCALE A DJUSTM ENT
•
• The scale factor should relate to the ratio of the average runof at
Teddington and Maidenhead. The following information was used for
• assessment of the scale adjustment:
(a) catchment area
• (b) monthly runoff totals for some months dur ing the period of record for
Windsor
• (c) monthly mean fl ows for Thames tributaries between Maidenhead and
Teddington
•
The area ratio of the Windsor and Teddington catchments (see Table 2 1) is
• 0.695. This differs from the area ratio of the Stage One Final Report. Use
of the arca ratio might be justified by the similarity in rainfall totals.
• However, there is a difference in potential evaporation between the areas
above and below Maidenhead. The lower potential evaporation above
• Maidenhead (Figure 7.1) implies that for the same rainfall the Maidenhead
catchment will have a higher runof in relation to its area than the
• Teddington catchment. The area ratio should therefore be considered as a
lower bound for the scale adjustment.
•
Monthly runoff totals (in cumec-days) were available from the ultrasonic gauge
• at Royal Windsor Park for 20 months between January 1980 and September
1985. These were plotted against the monthly totals for the same months at
• Kingston (Figure 7.2) and a simple log linear regression gave the relationship:
• w =0.678  le m"
• where W = monthly runoff at Royal Windsor (cumec-days)
K = monthly runoff at Ki ngston (cumec-days)
The long term (1883-1985) average fl ow for Teddington is 78.2 m' Is giving a
• monthly fl ow (for a 31 day month) of 2425 cumec- days. From the above
equation when K- 2425, W=1834 ic fl ow at Windsor is 75.6% of the fl ow at
• Ki ngston. Other discharges within the observed range yield similar ratios.
• For each year between 1980 and 1985 the mean fl ow at Kingston was
•
•
•
compared with the sum of the mean fl ows for three rivers  downstream of
Maidenhead: the Wcy, Mole and Co lne. The gauged fl ow of these three
rivers combined is 13.2% of the fl ow at Kingston compared with their area
ratio of 14.6% ie mean runoff 903 % of the area ratio. Assuming these three
rivers are representative it implies that the area downstream of Maidenhead
contributes less fl ow per unit arca to Teddington than the area upstream of
Maidenhead. This accords with the impression gained from the distr ibution of
potential evaporation (Figure 7.1) . The area below Maidenhead is 30.5% of
the catchment area of Teddington and applying the specifi c runoff ratio of
90.7% would provide 27.7% of the Teddington fl ow. This implies that the
catchment area to Maidenhead contr ibutes 72.3% of the Teddington fl ow.
From a consideration of the three alternative ratios:
(a) an area ratio of 0.695
(b) a monthly total fl ow ratio of 0.756
(c) a fl ow ratio of 0723 implied from downstream annual means, it was
decided to scale the Teddington flow by a factor of 0.73 for the study
site.
7.4 SHA PE AD JU STMENT A ND RESULTS
To determine a shape adjustment the shapes of fl ow duration curves and
values of Base Flow Index (Low Flow Studies, 1980) were considered at
gauging stations along the Thames and Thames tributaries. Figure 7.3 shows
the curves for Day's Weir , Bray and Teddington. The impact of the relatively
impermeable catchments north and east of Oxford is very apparent in the
Day's Weir curve. T he Base Flow Index (BET) is a measure of the
proportion of basefl ow under the fl ow hydrograph and is controlled primarily
by the catchment geology. A lso its value is not much pertu rbed by data
error. A permeable catchment will have a large proportion of baseflow giving a
high BFI value and a fl at fl ow duration curve. Below Maidenhead BF1 values
from many tr ibutary infl ow areas arc relatively low (0.4 to 0.5) which results
in steeper fl ow duration curves. Upstream of Maidenhead the proportion of
chalk is larger giving very high BFI values. The net ef ect is that
Maidenhead would be expected to have a fl atter fl ow duration curve than at
Teddington.
Mean monthly fl ows at Bray were plot ted against those for Teddington for the
period October 1959 to September 1965 (Figure 7.4) . Th is suggests that at
low fl ows the Bray:Teddington fl ow ratio is higher than suggested by the scale
factor of 0.73 and vice versa at high fl ows implying a less steep flow duration
relationship than at Teddington. On consideration of the equivalent
relationship with Windsor and of the gauging diffi culties it was felt that the
trend would not be as marked as Figure 7.4 suggests but nevertheless would
be present in some measure.
The Bray BFI (0.70) and fl ow duration curve support the idea that the
Teddington fl ow duration curve is too steep to represent the condi tions at
Maidenhead, but was thought to exaggerate the ef ect The shape of the fl ow
duration curve at Maidenhead was therefore taken as the average of those at
Teddington and Bray. The flow duration curve is shown in Figure 75 and
••
Table 7.1 Flow duration curve - Th ames at Maidenhead
• Percen tage of time Flow (m3/s)
•
fl ow exceede d
• 0.05 347.8
•
0.10 3 18.0
0.20 285.0
•
0.50 246.0
1.00 223.6
•
2.00 197.0
5.00 160.6
•
10.00 126.5
20.00 86.3
•
30.00 64.8
40.00 50.5
•
50.00 39.9
60.00 3 1.6
•
70.00 25.7
80.00 20.7
•
90.00 16.6
95.00 14.1
•
98.00 12.1
99.00 11.0
•
99.50 9.8
99.80 9.1
•
99.90 8.5
tabu lated values in Table 7.1.
75  EX TENSION OF THE  FLOW DURAT ION C URVE TO
• 500 M VS
The highest fl ow shown on the fl ow durat ion curve derived from daily mean
• discharges was 350 m s/ s. The fl ow durat ion relationsh ip requ ired exte nsion to
consider the design fl ow suggested in the Stage One Final Report of
• 500 m 3/s. This highe r discharge was considered in terms of the durations
over "bench levels" below fl ood peaks (Sect ion 5.2) rather than daily mean
• flows. Duration over a bench level increases with the magnitude of the peak
as does the range of durations about the mean (see Section 52 ).
From the curren t analysis a fl ood peak of 500 rn l /s corresponds to close to
• 50 year retu rn period. The average size of those fl oods which exceed
500 m3/s is close to 550 m 3/s hence the required be nch level is 0.91 of the
• average peak. Inspect ion of recent fl ood hydrographs reveals a range of
durations corresponding to th is ratio between 1 and 4.5 days. During the
• 1947 fl ood a bench level o f 91% of the peak discharge was exceeded for six
days.
If six days, the 1947 fl ood-based figure, is adopted as the mean duration of
fl oods exceeding 500 m s/s then the implied duration of exceedance would be
12 days per century, ic 0.033%. For a more rigorous approach it is necessary
to integrate over all possible exceeding discharges and if this is done the
expression for the expected duration becomes:
E(D)=2N{ I -10.exp(10).E1(10) }
where N is the mean duration over a 50% bench level
El is the exponential integral, Pce-Vt.dt
EI is tabulated in Abramowitz and Stegun (1964) and evaluating this
expression for the above case gives 11 days per century (0.030%), a very
similar outcome to the simple assumption outlined earlier. However, these
calculations assume that all fl ood hydrograph shapes would be as broad as the
1947 event and a mean value of 0.02% is considered more probable.
8. Summary and Conclusions
A nnual maxima data for Bray/Windsor and Teddington (including historical
data) gave two fl ood frequency relationships which were scaled to apply to the
Maidenhead site. A n average of the two curves provides the recommended
fl ood frequency relationship for the Maidenhead study site up to a return
period of 25 years. Beyond 25 years the fl ood frequency relationship derived
from the Teddington record including historical information is used. The
recommended fl ood frequency curve for Maidenhead gives a return period of
56 years for the 1947 fl ood discharge of 500 ms/s.
The Thames fl ow record is characterised by periods of apparent departure
from a mean rate of occurrence. A ll such apparent downtur ns in the past
have been temporary and the record can be regarded as stationary.
From analysis of Royal Windsor fl ood hydrographs an equation was derived
showing  the  mean duration for which a bench level of discharge is exceeded
to be a function of the peak fl ood discharge, and the bench level discharge.
For example, on average a discharge of 250 ms/s would be a cceded for
about 16 consecutive days during a fl ood whose peak was 500 & Is.
A fl ow duration curve was determined for the Maidenhead site aft er adjusting
the Teddington fl ow duration curve by a scale factor and a shape factor. A
fl ow of 500 ms/s would be exceeded 0.02 % of the time.
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Appendix  A
CONFI DE NCE INT ERVAL DETERMI NATION
A l . Introduction
Three sources of information were analysed in order to determine the fl ood
frequency relationship to be used for the Maidenhead study area.
(a) A nnual maxima from Bray/Windsor
(6) A nnual maxima from Teddington/Ki ngston using supplementary historical
data and suitably scaled to Maidenhead
(c) Bray/Windsor mean annual fl ood and Thames River regional fl ood
frequency curve
The recommended fl ood frequency curve is a composite of the curves obtained
from the first two approaches.
I t is possible to assign confi dence limits to each of the curves as if they were
separately obtained. Accepting any of these limits would be tantamount to
ignoring the beneficial ef ect of having used three approaches in arrivi ng at
the chosen relationship and so would exaggerate the magnitude of the
uncertainty.
A/  Strategy for forming composite confi dence intervals
A j udgement is required about the ef ect of the support from the three
approaches summarised above. Three alternative strategies were considered:
(a) A ssume that the three approaches are entirely independent - this has
the ef ect of reducing the basic error by H Le. 1.732
(b) A ssume that the three approaches are equivalent to two entirely
independent approaches - this has the ef ect of reducing the basic error by
H  Le. 1.414
(c) Assume that the ef ect of the supporting information is equivalent to
determining the value of k, the shape parameter.
In each case the baseline error was taken to be that applying to the second
approach above, which was employed over the entire useful return period
range.
A 3  Derivation of baseline error
There are two primary components to the error determination:
(a) Var iance of fl ood quantiles for Teddington/Kingston
••
•
(b) Var iance of the multiplication factor between Maidenhead and
•
Teddington.
•
Considering Teddington/Kingston fl ood frequency the method of maximum
likelihood was used to estimate the parameters of the best-fi t distribution.
•
The derivation of the variance-covariance matr ix of the GEV parameters is
obtained from:
•
d2U du2 d2 Lidu.da d2 li clu.dk •
•
V = E d2 u d u .d a d2 l/ da2 d2L/dadk
d2L./du.dk (12 Lidadk d2 LA O
•
•
which is the reciprocal of the matrix of second derivatives of the log-likelihood
surface evaluated at the estimated u. a and k values.
• Expressions can be obtained readily for the derivatives in the simple case of a
•
continuous sample of annual maximum data. However, the si tuation is much
more complicated in the present case where histor ical information is
•
incorporated in a doubly censored form. To overcome the lack of closed
form expressions for thc elements of the matrix finite dif erence estimates of
•
the derivatives were obtained on a net of 5 x 5 x 5 = 125 values surrounding
the expected u, a and k values. Comparisons with known solutions enabled a
method to be developed for selecting suitable fi nite difference increments.
•
The variance-covariance matr ix was found to be:
• 1112.739 31.398 0.182
cov(u,a,k) = 31.398 56.462 0.094
• 0.182 _0.094 0.003
• The variance of a quantile estimate Q(T) uses the GEV formula:
• () (T) = ut a(1-expe ky))/k
•
where y =-ln(-ln(1-1/ T) ie Gumbel's reduced variate, from which:
•
var(Q(T)) = I (aome)o eme) cov(erej)
•
•
where ei =u, 02=a, 03=k
80 /8u=1
•
aQ/8a=(1-e-kY)/k
acyak=(-ark2 ) ( i - e -4 ( 1+ k y ) )
• Recall ing also that:
•
•
s.e.e(QM ) = Var(Q(T))
•
and the upper and lower 5% points on the sampling distribution of Q(T) are
•
given by:
•
•
•
+/- 1.645 x s.e.e(Q(T))
thc following table is obtained:
A .4 A dj us tm e n t to M a ide nhe a d
The factor r = 0.73 x 0.98 has been adopted to convert Teddington fl ows to
Maidenhead fl ows. This factor is a further source of error which needs to be
incorporated. A fter consideration of the alternative measures and the variation
between events it was considered that the standard error of the factor is
0.025. The combination of errors makes use of the following formula:
var(r x 0 (T)) = r 2 x var(Q(T )) + 0 (T)2 x var(r)
from which a revised confidence interval table can be drawn up:
A.5 E f e ct o f co m po s ite e st im ate
Th e baseline values in the above table do not allow for the support given by
the other two methods and the consequent reduction in standard error. The
table below shows the reduction in standard error after making the three
assumptions discussed in Section 2.
T (years)
•
0 (T) m3/s
• baseline
fi xed k
• ay. of 2
ay. of 3
•
•
The assumption of a fi xed shape parameter appears more generous at high
• return periods and it was felt that in no circumstance would the reduction be
allowed to drop below the value obtained by considering thc composite curve
• to be made up of two independent estimators. The finally recommended
confi dence intervals are thus made up from the " fixed k" values below 100
year return period and the "average of 2" values beyond.
•
•
T (years)
•
0 (T) ra3ts
•
s.e.e
lower 5%
•
upper 5%
•
•
•
•
fib
•
•
•
•
•
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